This study investigates the impact of hydraulic conductivity uncertainty on the sustainable management of the aquifer of Lake Karla, Greece, using the stochastic optimization approach. The lack of surface water resources in combination with the sharp increase in irrigation needs in the basin over the last 30 years have led to an unprecedented degradation of the aquifer. In addition, the lack of data regarding hydraulic conductivity in a heterogeneous aquifer leads to hydrogeologic uncertainty. This uncertainty has to be taken into consideration when developing the optimization procedure in order to achieve the aquifer's sustainable management. Multiple Monte Carlo realizations of this spatially-distributed parameter are generated and groundwater flow is simulated for each one of them. The main goal of the sustainable management of the 'depleted' aquifer of Lake Karla is two-fold: to determine the optimum volume of renewable groundwater that can be extracted, while, at the same time, restoring its water table to a historic high level. A stochastic optimization problem is therefore formulated, based on the application of the optimization method for each of the aquifer's multiple stochastic realizations in a future period. In order to carry out this stochastic optimization procedure, a modelling system consisting of a series of interlinked models was developed. The results show that the proposed stochastic optimization framework can be a very useful tool for estimating the impact of hydraulic conductivity uncertainty on the management strategies of a depleted aquifer restoration. They also prove that the optimization process is affected more by hydraulic conductivity uncertainty than the simulation process.
Introduction
In Greece, more than 85% of the total water consumption is used to cover irrigation needs for waterdemanding crops, affecting mostly groundwater resources (Mombiela 2010) . A vast amount of this water goes to waste, mainly due to old irrigation networks consisting of non-maintained earth canals, as well as bad irrigation practices. The watershed of Lake Karla, located in eastern Thessaly, is such an example. Water-demanding crops prevail in Karla's plain and their irrigation demands are covered mainly by private unregistered irrigation wells. An additional problem is the lack of surface water resources in the watershed of Lake Karla, since the lake itself was drained in 1962. The main reasons leading to this decision were malaria and floods due to the lake's shape, as well as creating new land for cultivation. The initial plan involved the construction of a new, smaller reservoir in the lowest part of the old lakebed. Its construction was supposed to take place right after the completion of the drainage project, in the early 1960s. However, the delayed implementation of this plan has led to a series of environmental problems, such as the limitation of the natural recharge of the underlying aquifer and the increase of groundwater pumping. The fact that irrigation needs have increased significantly has led to a dramatic drawdown of the aquifer's water table (Sidiropoulos 2004) .
In addition, the lack of hydrogeological data in this area, especially data concerning the hydraulic conductivity parameter, creates an uncertain environment for researchers. To confront this uncertainty, one should refer to methods and processes used in uncertainty assessment with groundwater simulation and management models (Freeze 1975 , Dagan and Neuman 1997 , Rubin 2003 , Moore and Doherty 2005 . According to these authors, stochastic groundwater flow simulation, accounting for aquifer parameter uncertainty, is a more realistic approach to groundwater resources remediation design and has therefore been widely applied during the last decades (Gelhar 1986 , Mylopoulos et al. 1999 , Feyen and Gorelick 2005 , Liu et al. 2012 . In the literature, CONTACT N. Mylopouoos nikitas@civ.uth.gr, www.civ.uth.gr among various sources of uncertainty, the one related to the spatial distribution of the hydraulic conductivity field, which is also our case, is considered the most important (Freeze 1975 , Wagner and Gorelick 1989 , Dagan 1990 , Gelhar 1993 , Tiedeman and Gorelick 1993 . In the relevant groundwater management problems, models that combine groundwater flow simulation algorithms with optimization techniques have been successfully applied for the evaluation of the alternative engineering scenarios and the selection of the optimal schemes (Gorelick et al. 1984 , Lefcoff and Gorelick 1986 , Ahlfeld et al. 1988 , Mylopoulos et al. 1999 . In these works, the authors assumed that the aquifers under study were fully characterized, as far as the knowledge of the hydrogeologic and the hydraulic parameters is concerned, and therefore adopted the deterministic approach in the design of the alternative restoration schemes. However, in cases where the concept of uncertainty is being introduced, the engineering design of any groundwater restoration scheme cannot satisfy the objective and the constraints of the deterministic management problem. In these cases, the combination of stochastic simulation models with optimization techniques has been successfully applied in determining the optimal operation of groundwater systems. (Wagner and Gorelick 1989 , Hantush and Marino 1989 , Gorelick 1990 , Wagner et al. 1992 , Mylopoulos et al. 1999 , Theodossiou 2004 , Pena-Haro et al. 2011 . The simulation and management models can be combined using the response matrix approach. In this method, a groundwater simulation model is used to develop unit responses. Each unit response describes the impact of a brief stress (such as pumping) upon hydraulic heads at selected points of the field. A response matrix is created by assembling all unit responses and is included in the management model, turning pumping rates and/or hydraulic heads into decision variables (Aguado and Remson 1974 , Heidari 1982 , Gorelick 1983 , Karatzas and Pinder 1993 , Shirahatti and Khepar 2007 .
In our case the groundwater management problem can be expressed as a depleted aquifer's restoration problem. A second goal, besides the aquifer's restoration, is to determine the maximum volume of renewable groundwater to be extracted. A stochastic optimization problem is therefore formulated, based on the application of the optimization method for each one of the aquifer's multiple stochastic realizations in a future period. The stochastic optimization method combines the stochastic approach of the geostatistical problems imposed by the hydrogeological uncertainties with deterministic optimization. The spatial variability of the aquifer's parameters is being incorporated into the optimization model by employing stochastic groundwater flow modelling.
In this study, a stochastic optimization framework consisting of a series of interlinked models for the restoration and future sustainable management of the lake's aquifer is presented. Hydraulic conductivity is the stochastic parameter of the problem, due to the lack of data regarding its spatial distribution. The novelty of this work is that it combines the principles of integrated and sustainable management at watershed scale with the methodologies of stochastic simulation and optimization for a real large-scale aquifer, under a status of insufficient data. Furthermore, as the initial parametric uncertainty passes through the above process in its outcomes, an assessment of the generated uncertainty in the results is made. A comparison between the uncertainty of the simulation model's results (i.e. the hydraulic heads) and the uncertainty of the optimization model's outcomes (i.e. the best water volumes extracted), shows that the optimization results are more affected by hydraulic conductivity uncertainty than the simulation ones.
Study area
The natural basin of Karla has a total extent of 1663 km 2 , but after the construction of complimentary works for the reservoir, the drainage area of the restored Lake Karla has been reduced to 1171 km 2 (Fig. 1) . The climate is typically Mediterranean. Mean annual precipitation is about 560 mm and is distributed unevenly in space and time. Mean annual potential evapotranspiration is about 775 mm and the mean annual temperature is 14.3°C, as shown analytically in Figs 2 and 3. The plain consists of aquiferous, essentially sandy intercalations separated by layers of clay to silty-clay and is bound by schist and karstic limestone or marbles (Fig. 4) . Impermeable geological structures cover 30.6% of the total area, karstic aquifers cover 14.5%, and permeable structures, which appear mainly in the plain, cover 54.9%. The underlying aquifer is located in the lower part of the basin, covering an area of 500 km 2 (Fig. 1) . Most of the aquifer's area is plain with an altitude ranging from 45 to 65 m. Only to the southwest, the altitude reaches up to 90 m. To the east, there is the Mavrovouni Mountain, which consists mainly of impermeable bedrocks such as schist. The Thessaly plain continues to the west with the Halkodonion Mountain located to the southwest. The basement rocks, consisting of impermeable marbles and schist, are located underneath the permeable structures, as presented by Costandinidis (1978) .
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The study area is an agricultural region with intense and extensive cultivation of water-demanding crops such as cotton, maize and wheat which prevail in the plain, whereas apple, apricot, cherry, olive trees and grapes prevail in the surrounding hills. The crops occupy an area of 800 km 2 , almost half of the lake's natural basin. Almost 98% of the total water consumption is used to cover irrigation needs, as agriculture is the main productive sector in the area (Table 1 ). The restored lake is the only permanent surface water resource, which is filled by Pinios River floodwaters through ditches 6T, 7T and 2T during the period December-May. The lake has not started operating yet, as it has not been filled with the proper amount of water so as to cover the irrigation needs of the surrounding cultivations. Although according to the master plan the reservoir was supposed to start operating in 2012, due to several delays, the operation will start in 2015. The lowest volume of the reservoir is 57.01 hm 3 and the maximum is 141.14 hm 3 . So, the reservoir can supply 84.13 hm 3 per year. The same master plan stipulates the closing of the existing irrigation wells, as a new irrigation system of groundwater pipes will be established in the area, which will transfer and distribute the water of the reservoir to the farms.
The other ditches and collectors of the watershed that flow into Lake Karla protect the area from floods and are characterized by seasonal flow. The partial restoration of Lake Karla is an environmental project with multiple targets. The most important are:
• surface water from the lake should be used to cover the irrigation needs of the surrounding cultivations, replacing the use of extracted groundwater from private irrigation wells; • flood control; and • the re-creation of the wetland and the biodiversity. 
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During the wet period, the reservoir receives inflows from the Pinios River and the surrounding mountains, while during the dry period it supplies-through a new, underpressure network-part of this inflow for the irrigation of 92 km 2 of cultivated lands. The lowest, ecologically acceptable, water volume in the reservoir has been defined at 57.01 hm 3 and the highest at 141.14 hm 3 . The modelling system for the simulation of water resources of the Lake Karla watershed consists of a series of interlinked models which are: a hydrological model (UTHBAL), a reservoir operation model (UTHRL), a geostatistical model (GSLIB), a groundwater model (MODFLOW) and a lake-aquifer model (LAK3). The models are linked sequentially to each other according to the following procedure (Sidiropoulos et al. 2013 ): the UTHBAL model calculates the basin's surface runoff and groundwater recharge and passes the first variable on to UTHRL and the second variable to MODFLOW, respectively. Then, the UTHRL model balances the inflows and outflows of the reservoir and passes the inflows, evaporation and water withdrawals of the reservoir on to the LAK3 model. Finally, the LAK3 model calculates the reservoir seepage and passes it on to the MODFLOW model. The GSLIB model creates the stochastic realizations of hydraulic conductivity which are imported into MODFLOW and forces it to run in a stochastic mode. The modelling system has been calibrated for the historical period against observed runoff and groundwater hydraulic heads. An optimization tool (GWM) is used for the pumping optimization for each of the aquifer's realizations regarding the future period . This is actually the management period for the aquifer's restoration and begins with the reservoir operation. Figure 5 shows the linking of the models.
The former Lake Karla's phreatic aquifer has been simulated by a single-layer numerical model, using the MODFLOW code (Harbaugh and McDonald 2000) , discretized into an orthogonal grid of 12 500 cells, with a grid spacing of 200 m × 200 m (Sidiropoulos 2004 ). The resulting network covers an area of 500 km 2 . As far as boundary conditions are concerned, there is a moderate hydraulic connection with the adjacent aquifer to the west, while the eastern boundary is a no-flow boundary due to the presence of schist at the Mavrovounion Mountain. The impermeable basement varies and consists of non-rusty marbles and schist. Surface recharge data entered into the model were taken from the monthly hydrological model UTHBAL. The analytical presentation of the models and their linked operation was presented in Sidiropoulos et al. (2013) .
The major water uses, namely agricultural and urban, have been estimated (Loukas et al. 2007) . Domestic water demands were estimated based on data from several municipalities regarding annual consumption and population. The average specific water demand was found to be 330 L/capita/day, which was adjusted to 400 L/capita/day taking into consideration a 20% water loss (Loukas and Mylopoulos 2004) . The agricultural needs were estimated using data from the irrigated agricultural areas per crop and municipality. The major crops in the study area are cotton, wheat, alfalfa, corn, tobacco and orchards. The monthly reference evapotranspiration (ET o ) for each crop was estimated using the Blaney-Criddle method and the monthly crop coefficients proposed by the FAO for Mediterranean climate conditions (Loukas et al. 2007 ). The monthly agricultural water demand for each crop was then estimated using the monthly Near Irrigation Requirement (NIR) of the US Soil Conservation Service method (Dastane 1974) . The monthly irrigation requirement per crop was estimated by multiplying the crop cultivation area with the NIR of that particular crop.
The total monthly irrigation water requirement was then simply the sum of the monthly irrigation requirements for all crops cultivated in the basin. Water losses during both the transfer and distribution of water from the source to the field were estimated based on data of the Greek Ministry of Agriculture. Water losses due to the irrigation methods were also taken into account, based on the various irrigation methods reported in the bibliography and estimates of the Greek Ministry of Agriculture. According to data from local authorities, over 500 wells are currently pumping in the study area irrigating the above-mentioned crops (Goumas 2005) . Most of them are unregistered; a fact that makes it difficult to specify their exact locations and pumping rates. For their simulation, the study area was divided into seven pumping zones (Table 1) , according to the agricultural activity in the basin, as shown in Fig. 6 . This division depends on the type of crops as well as on the irrigation systems. The simulations were conducted for the period 1987-2044 in transient flow conditions with outputs being at a monthly time step. According to the initial construction plan, the reservoir was supposed to start operating in 2012. We therefore chose this year to be the beginning of the 32-year management period . The extracted groundwater volume of each realization will be calculated from the optimization model. For the precipitation and temperature data, 
Hydraulic conductivity uncertaintystochastic approach
This study was conducted within an uncertain hydrogeological environment, as data concerning hydraulic conductivity were limited to pumping tests at 15 locations (Fig. 7) . The geostatistical approach method was used and the Geostatistical Library (GSLIB) (Deutsch and Journel 1998) was employed for the stochastic approach of K. The Sequential Gaussian Simulation (SGSIM) was then used for the conditional stochastic simulation of this parameter. Accepting second-order stationarity (Dagan 1982, Hoeksema and Kitanidis 1985) , the random hydraulic conductivity field is assumed to follow a logarithmic distribution (Fig. 8) , with a given expected mean value (mlog K = −5.607) and a standard deviation σ 2 log k ¼ 0:581. Conditioning, for the conditional stochastic simulation of K, was achieved using the same 15 values of K, as described by Journel (1974) and Mylopoulos and Sidiropoulos (2009) . The conditional simulation map of hydraulic conductivity values was thus created. The experimental semivariogram that was produced by the above values has been simulated by a spherical curve equation which represents the theoretical semivariogram (Fig. 9) given by the equation below:
GSLIB created 100 Monte Carlo conditioned hydraulic conductivity maps-a number of realizations that can provide reliable management strategies-as Wagner and Gorelick (1989) have shown. In Fig. 10(a) and (b) , the maps of mean hydraulic heads and standard deviation of the 100 realizations are shown, respectively. The maps were then inserted as input in the groundwater model, forcing it to run in a stochastic mode. The reliability of the stochastic simulation approach was tested by comparing the mean hydraulic head values of the realizations with the observed ones in 1997 for the two crosssections (AA′ and BB′) of Fig. 6 (Fig. 11) .
As can be seen in Fig. 11 , the convergence in the greatest part of the study area is quite good. The largest effect of the spatial variability of K is at and near well locations. These are the zones where the highest standard deviations as well as the greatest differences between mean computed heads and relevant observed values have been observed. In addition, the standard deviation increases according to the increase of the pumping rate of the wells. Figure 11 proves the high level of hydrogeological uncertainty which affects any modelling approach. The operation of the hundreds of unregistered wells leads not only to an extreme dropdown of the water table, but also to an uncertainty increase, as the biggest effect of the spatial variability of the hydraulic conductivity is observed at and near well locations. The reservoir's operation is expected to lead to the aquifer's restoration, mainly due to pumping reduction, as it will cover the irrigation needs. Nevertheless, given the complexity of the problem, the design of any managerial scheme that will achieve both the aquifer's restoration and water demand satisfaction becomes difficult. The stochastic optimization approach presented here arises as a very convenient method for such a problem. 
Stochastic optimization modelling
The Monte Carlo-based stochastic optimization approach solves the simulation-optimization problem separately for each realization (Wagner and Gorelick 1989) . Thus, several independent optimization problems are formulated, each one subjected to its own constraints, and an equal number of optimum solutions are produced. A general form of the relevant equations for problems regarding pumping rate maximization can be presented as:
Realization 2 : max q 2 (4)
Realization n : max q n (6)
where, q i ; i = 1 . . . n, is the pumping rate vector, K i , i = 1 . . . n, is the realization of the hydraulic conductivity field, h i , i = 1 . . . n, is the vector of the aquifer's hydraulic heads and h i Ã , i = 1 . . . n, is the vector of the hydraulic heads constraint. This process will eventually give n optimum pumping rate combinations for the operating wells, or else, n optimum management strategies. Since the K field is considered to be random, the same applies for the solution as well. Thus, each one of the n optimum solutions represents a random sample of the relevant probability density function (pdf).
A GWM model was used for the aquifer optimization, finding the optimum management strategy for each realization. GWM is a groundwater management process for the US Geological Survey modular three-dimensional groundwater model, MODFLOW-2000, as shown by Ahfeld et al. (2005) . It uses a response-matrix approach to solve several types of linear, nonlinear and mixedbinary linear groundwater management formulations. The Response Matrix Solution (RMS) Package of GWM uses the groundwater flow process of MODFLOW to calculate the change in head at each constraint location that results from a perturbation of a flow-rate variable. These changes are used to calculate the response coefficients. The formulation of the management problem is presented by the following equations: 
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where Q n is the withdrawal flow rate of the managed wells in m 3 /d; n is the number of the well; N is the total number of managed wells; t is the number of the stress period; T is the number of stress periods for the management period 2012-2044; and h i is the hydraulic head constraint at managed well cells, where the exponent refers to the year. Equation (9) represents the constraints that force the hydraulic head at the managed wells, at the end of the management period, to be equal to or higher than the corresponding one of the year 1987, as shown in Fig. 12 . This year was selected as it is considered to be the beginning of the over-exploitation period of the aquifer, according to the observed hydraulic head values. The objective equation (8) shows the target of the optimization problem, which is to find the maximum allowable extracted water volume for the period 2012-2044, and the number and position of the relevant extraction drills as well.
The optimization problem is of nonlinear form and is solved using the sequential linear programming (SLP) algorithm, which has been used before in relevant case studies (Ahlfeld and Baro-Montes 2008 , Banta and Paschke 2012 , Singh et al. 2013 . It is based on repeated linearization of the nonlinear features of the management problem, and is implemented by recalculating the response matrix for each sequential linear program.
An extension of the first-order Taylor series is used to define the hydraulic head at each constraint location for each stress period, as a function of the new pumping and recharge stresses:
where:
• Qw is the vector (set) of all withdrawal rates at all well locations and all operative stress periods;
• h i:j:k:t ðQwÞ is the hydraulic head at the constraint point i, j, k, for stress period t, for a new vector of withdrawal flow rates Qw, having individual elements Qw n ;
• h 0 i:j:k:t ðQw 0 Þ is the hydraulic head at the constraint point i, j, k, for stress period t, for the initial set of pumping stresses, Qw • Ν is the total number of managed wells (decision variables). This linearization is achieved by replacing the head constraints with draw-down constraints in the known equation:
where H is the hydraulic head at the control point; H o is the initial hydraulic head at the same point; Q is the pumping rate; R is the well's radius; r is the distance between the control point and the well; and K is the hydraulic conductivity. Each one of these linear problems is solved using a Simplex method. The optimization procedure is being repeated in stochastic mode, for all equally probable realizations of the aquifer, resulting in the total water volume extraction for each case, as well as in the number and position of the managed wells.
Results
The model was run for the historical period 1987-2012, before the reservoir had started operating. The resulting map of the mean hydraulic head values is shown in Fig. 13. In Fig. 14 , time series plots of the simulated hydraulic heads (continuous lines) and the relevant observed head values (dots) at 10 observation wells are presented. These wells were chosen based on the availability of a satisfactory series of observed data for this decade.
As far as the volumetric budget of the aquifer is concerned for the same period , the renewable water volume coming from recharge (744.97 hm 3 ) and side inflows (187.5 hm 3 ) is 932.47 hm 3 whereas the extracted volume is 2113.6 hm optimization process can begin. This simulation was performed with no irrigation wells operating, in order to locate the aquifer's areas with hydraulic head higher than in 1987. These areas can be found from the hydraulic head difference maps for the years 2044 and 1987 for every single realization. For the new managed wells defined by the management model, there will be no extra drilling. Some of the existing irrigation wells will be used instead. Figure 15 shows the zero hydraulic head contours for all realizations in the largest and smallest areas. In the case of the largest area (realization no. = 32, continuous line), 100 existing irrigation wells take part in the optimization as managed wells, whereas in the case of the smallest area (realization no. = 69, dashed line), 81 existing irrigation wells take part. In the remaining 98 realizations the number of existing irrigation wells that are treated as managed wells, varies between 81 and 100.
The optimization system of equations (8)- (10) was then applied for all 100 Monte Carlo realizations of the aquifer for the period 2012-2044, taking advantage of the new reservoir's operation. The optimization process determines the optimum extracted volume for the proposed wells as well as their number and position, as for some of them the computed pumping rate is zero. Thus, in the case of the largest area, in which 100 irrigation wells took part in the optimization process, only 56 of them finally are part of the solution. Likewise, in the case of the smallest area, out of 81 managed wells, only 26 are finally operating. Figure 16 shows the annual optimum groundwater volume extraction, for the above two cases (in green and red, respectively), as well as all the intervening realizations (in blue), in ascending row. The realization with the minimum extracted groundwater optimum volume (7.21 hm 3 /year) refers to the case of the dashed line of Fig. 15 , while the realization with the maximum extracted groundwater optimum volume (13.07 hm 3 /year) refers to the case of the continuous line. The number of the proposed wells that will operate during the management period with the optimum rate is indicated above these two borderline bars. Figure 17 shows the position of the proposed wells.
As has been mentioned before, the effect of the hydraulic conductivity's uncertainty on the optimization problem is evaluated through the important variation and the great range of values of the optimum annual extracted groundwater volume. The difference between the maximum and minimum values is 5.85 hm 3 , almost 50% of the mean value, which is 10.34 hm 3 . The same goes for the number (and position) of the proposed wells (Fig. 16) , which varies between 26 and 56. This variation is the expected result of the hydraulic head's discrepancy between the 100 realizations. Although Fig. 11 has confirmed the reliability of the stochastic approach regarding the simulation, Fig. 16 demonstrates the effect of the parametric uncertainty on the final results and the importance of incorporating uncertainty into management models. Here uncertainty is significant and is reflected both in the range of the optimum pumping volume and in the number of wells.
The pdf, as well as the statistical characteristics of the optimum annual pumped volumes of the 100 realizations, are shown in Fig. 18 . The pdf is very close to the normal distribution, obviously due to the normalization of the range of hydraulic conductivity. This is another proof of the reliability, not only of the stochastic simulation, but of the stochastic optimization procedure as well.
Box and whisker charts (Fig. 19) were created in order to estimate the above-mentioned variation inside the irrigation zones. In Fig. 19(a) , a box and whisker chart was created from the annual optimum extracted groundwater volume of every realization for each zone. Zone 6 has the largest variation among all zones, with Zone 3 having the second largest. In Zone 6, the optimum number of wells is 39, with an annual groundwater abstraction of between 5 and 8.11 hm 3 . The optimum number of wells in Zone 3 is 21, with an annual groundwater abstraction of between 0 and 2.1 hm 3 . It is evident that this range of values regarding the optimum extracted volume and the number of wells, is due to the initial hydraulic conductivity uncertainty and demonstrates the way in which the parametric , the undulating lines correspond to the piezometers 402, LB310, P6LPZ50 and SR66. These are located in that part of the aquifer, where the irrigation drills with optimum pumping rates operate. The remaining piezometers, are located in areas with non-operating drills. There, the increase of the mean hydraulic heads is without variations and practically linear. In fact, in the year 2044, the hydraulic heads will have been restored to those of 1987. This shows the success of the water table restoration.
Finally, a reliability analysis of the optimization procedure was conducted. During this analysis, for each one of all 100 optimal pumping strategies produced by the repeated application of the optimization model, the effectiveness in restoring the water table to the target-year (1987) levels was investigated. In other words, the effectiveness of each optimal solution was evaluated through its ability to satisfy the constraints of all the other 99 realizations of the random field. The violation of even one constraint was considered as a failure. Figure 21 is a graphical representation of the results of the above reliability investigation, in the ascending order of extracted groundwater volume of Fig. 17 . As expected, the solutions with the minimum pumping volume have the highest degree of reliability (five of them reaching up to 100%), as they are more effective in the achievement of the hydraulic head restoration target. On the contrary, solutions that maximize the water extraction present a very low degree of reliability (minimum = 5%). As it can be derived, there is a direct correlation between the degree of reliability on the one hand, and the total pumping rate on the other. The final choice will emerge as the best combination of these two conditions. The level of reliability and therefore the final decision is subject to the decisionmaker's discretion and judgment. The location of the wells will be defined according to the selected strategy.
Conclusions
A management framework using the stochastic optimization approach was developed and successfully applied to a real problem, regarding the restoration of the aquifer of Lake Karla, Greece. Due to the limited data concerning the spatially varying hydraulic conductivity parameter, the decision-making process took place under conditions of uncertainty. The optimization algorithm was applied on each stochastic realization of the aquifer, taking into consideration the response of the aquifer system to alternative management scenarios. As a result, the best management strategy for the given objective and constraints of each realization was identified. The managerial risk resulting from the parameter uncertainty is evaluated based on the variation in the total water volume that can be extracted from the aquifer for irrigation needs, as well as on the number and position of irrigation wells.
The application of the stochastic optimization framework presented in this paper proved that it can become an effective tool for solving real groundwater management problems under uncertainty. The simplicity in the development and the efficiency in the application, are the main advantages of the presented algorithm, which proved able to give results even in large-scale groundwater restoration problems, such as the one of Lake Karla's aquifer.
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